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ABSTRACT. Monitoring street-level particulates is essential to air quality management but 10 

challenging in high-density Hong Kong due to limitations in local monitoring network and the 11 

complexities of street environment. By employing vehicle-based mobile measurements, Land 12 

Use Regression (LUR) models are developed to estimate the spatial variation of PM2.5 and PM10 13 

in the downtown area of Hong Kong. Sampling runs were conducted along routes measuring a 14 

total of 30km during selected measurement period of total 14 days. In total, 321 independent 15 

variables were examined to develop LUR models by using stepwise regression with PM2.5 and 16 

PM10 as dependent variables. Approximately, 10% increases in the model adjusted R2 were 17 
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achieved by integrating urban/building morphology as independent variables into the LUR 18 

models.  Resultant LUR models show that the most decisive factors on street-level air quality in 19 

Hong Kong are frontal area index, an urban/building morphological parameter, and road network 20 

line density and traffic volume, two parameters of road traffic. The adjusted R2 of the final LUR 21 

models of PM2.5 and PM10 are 0.633 and 0.707 respectively. These results indicate that urban 22 

morphology is more decisive to the street-level air quality in high-density cities than other cities. 23 

Air pollution hotspots are also identified based on the LUR mapping. 24 

TOC ART 25 

 26 

1. INTRODUCTION 27 

Many epidemiological investigations proved that particulate matters (PM) were associated with 28 

adverse health outcomes. Particulate air pollution leads to higher health risks of cardiovascular 29 

and respiratory diseases 1. These health impacts and risks are further accentuated in high-density 30 

urban environment. In cities with compact urban development, the dispersion of street-level 31 

particulates is impeded by their high-density urban morphology because densely-constructed 32 

buildings block air ventilation and consequently retard the dispersion 2. Several retrospective 33 

epidemiological studies in Hong Kong showed that health risks (measured as the hospitalization 34 

and mortality) connected to cardiovascular and respiratory diseases were significantly associated 35 
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with both long-term and short-term exposure to PM2.5 and PM10 3–8. Therefore, monitoring street-36 

level air pollution in high-density urban environment is essential to prevent or mitigate the health 37 

risks. Several studies have been conducted to observe the temporal and spatial variation of street-38 

level particulate air pollution in Hong Kong by using either historical monitoring data from the 39 

existing Air Quality Monitoring Network (AQMN) of Hong Kong Environmental Protection 40 

Department (HKEPD) 9,10 or stationary measurements at sampling sites 11–14. However, the 41 

coverage of such monitoring network is very limited. Among the 15 AQMN stations, only three 42 

roadside stations monitor street-level air quality within the urban environment (Figure S-4, SI), 43 

while the number of roadside sampling locations in other studies are also limited (not more than 44 

three in general). The complex urban morphology and compact urban traffic network in Hong 45 

Kong make the conditions of air quality vary significantly from site to site. However, the street-46 

level air quality of many high-density sites and those with heavy traffic in downtown Hong Kong 47 

is not monitored by AQMN. Thus, quantifying the street-level air pollution and identifying 48 

hotspots of human exposure are difficult by using AQMN, because it provides insufficient 49 

information about the spatial variation of pollutants. 50 

Land Use Regression (LUR) has become a popular method to explore the spatial variation of 51 

outdoor air pollution in environmental studies and to assess the health risks of human exposure 52 

to pollutants in epidemiological and public health studies 15 in Europe 16–23 and North America 53 

24–28. The application of LUR is also increasing in other regions 29–31. The reason for such 54 

extensive applications of LUR models is mainly because it can be used to evaluate human 55 

exposure to air pollution in unmonitored areas and to identify urban air pollution hotspots which 56 

are vital to epidemiological and environmental studies 32.  57 
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The aim of this study is to develop LUR models for a sub-tropical high-density urban 58 

environment by focusing on the unique urban scenario of Hong Kong in order to supplement the 59 

inadequacy of the local monitoring network and provide a better understanding of the spatial 60 

variation of street-level air pollution. The compact high-density urban development of Hong 61 

Kong forms much higher buildings and very deep street canyons with intensive traffic and 62 

pedestrian activities, which makes it almost impossible to use conventional fixed monitoring 63 

locations to represent the conditions of street-level human exposure (Section 1, SI).  In this 64 

study, under the special circumstance of Hong Kong’s street environment, vehicle-based mobile 65 

measurements of particulate air pollution are employed as the approach to conduct the sampling 66 

of the dataset for LUR development. Mobile measurements are conducted in designated periods 67 

and routes in order to minimize the impact of temporal variability and extreme weather 68 

conditions on LUR model development. Correlation analysis between outdoor air pollution and 69 

building morphology is performed by integrating urban/building morphological parameters into 70 

the LUR model. As such, the study results can be not only used for the purpose of air quality 71 

management and human exposure evaluation but also directly as a reference in the optimization 72 

of urban development strategies and decision-making in urban planning on the basis of air 73 

quality considerations. 74 

2. MATERIALS AND METHODS 75 

Previous LUR studies typically set up 20-100 fixed sampling locations within the study area 15. 76 

However, compact urban development, crowded space and bustling activities occurred within 77 

street canyons in the downtown area of Hong Kong has made it almost impossible to set up 78 

sufficient fixed long-term street-level sampling locations without random interference. In this 79 

study, the sampling of the concentration of street-level particulate air pollution is conducted in 80 
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the downtown area of Hong Kong by using mobile measurements which were tested to be 81 

feasible and provide valid data for such a purpose 33,34. LUR models of street-level PM2.5 and 82 

PM10 were then developed.  83 

2.1 THE MOBILE MEASUREMENTS. Mobile measurements have been increasingly used to 84 

monitor the air pollution in the last decade 35–43, especially for the development of LUR models 85 

33,34,44–46. The spatial continuity of mobile measurement makes it possible to detect the spatial 86 

variability of air pollutants concentration at a much higher spatial resolution and locate the place 87 

where its concentration culminates high level (“air pollution hotspots”) that may not be possible 88 

to be identified by using a limited number of fixed monitoring locations, especially in cases like 89 

Hong Kong (Section 1, SI).  90 

2.1.1 THE MOBILE MEASUREMENT PLATFORM. A Toyota HiAce vehicle with necessary 91 

particulate matter monitor and meteorological sensors on board served as the mobile 92 

measurement platform that is used to measure the concentration of air particulates and 93 

meteorological variables. The concentration levels of PM2.5 and PM10 (the concentration level of 94 

particles <2.5 or 10µm in aerodynamic diameter, µg/m3) were continuously measured using the 95 

TSI DUSTTRAK™ DRX Aerosol Monitor with a time interval of 1s. The calibration of 96 

photometric factor and size fraction of the DUSTTRAK™ monitor is essential to avoid positive 97 

bias when monitoring a specific aerosol different from the ISO A1 test dust. The aerosol monitor 98 

was calibrated for the specific aerosol of the urban street-level environment in Hong Kong using 99 

gravimetric samples from a HKEPD roadside air quality monitoring station (Section 2.1.1, SI). 100 

Air temperature (Ta,°C) and relative humidity (RH, %) were measured by the meteorological 101 

sensor and used for humidity correction of the measured PM data. Global Positioning System 102 

(GPS) loggers were used to record the corresponding geographical location of each measurement 103 
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data. A video camera was used to record the surrounding situations, providing a reference for 104 

any other factors influencing the measurements during data post-processing. The sampling time 105 

lag, particle deposition, self-contamination and impact of turbulence caused by the moving 106 

vehicle of mobile measurements are minimized by elaborately designing and assembling of the 107 

measurement platform (Section 2.1.2, SI). 108 

2.1.2 SAMPLING ROUTE DESIGN AND TIME SELECTION. Spatial distribution of urban 109 

land use, population density, traffic networks, building morphology and natural topography were 110 

quantitatively analyzed in the geographic information system (GIS) using the urban planning 111 

dataset provided by the Hong Kong Planning Department (PlanD). Two sampling routes with a 112 

total length of approximately 30km located in the downtown area of Hong Kong (the northern 113 

part of Hong Kong Island and Kowloon peninsula respectively, Figure 1) were designated based 114 

on the variability of urban morphology, land use and traffic characteristics (Section 2.2, SI) in 115 

order to attain a broad coverage of various urban settings (Table S-2, SI). Measuring varying 116 

urban settings provides a comprehensive data range and variation for the independent variables 117 

dataset (Table 1), because urban morphology, land use and traffic are important independent 118 

variables for LUR modeling. 119 
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 120 

Figure 1. The sampling routes of mobile measurement campaigns (also see Figure S-8, SI). 121 

Meteorological data from Hong Kong Observatory (HKO) and air quality monitoring data from 122 

HKEPD of the five consecutive years before mobile measurements were reviewed to select 123 

optimal measurement periods. This is to avoid the regional-dominant influence of the long-124 

distance transportation of air pollution from the Pearl River Delta (PRD) region of Mainland 125 

China especially during the winter time 47 because the regional-dominant air pollution mode 126 

affects Hong Kong only one-third of time in the year 48. As a result, mobile measurements were 127 

mainly conducted during summer months (from May to September) because air quality is 128 

dominated by local emission sources during summer time 11,12. Similar selection of measurement 129 

season has been used to avoid season-specific influence in previous LUR study 34. It allows the 130 

development of LUR models to understand the relationship between local urban development 131 

and air quality without regional influence. The meteorological conditions, such as rainfall and 132 

strong wind, which restrain the concentration level and weaken the spatial variability of 133 

particulate air pollution were also avoided 9. The daily time period with relatively stationary 134 

background concentration (between 2:00 pm and 10:00 pm during which the hour-to-hour 135 

changing gradient is smaller than other hours) was selected based on the diurnal pattern of street-136 
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level air pollution in Hong Kong. In total,14 times of mobile measurements were conducted 137 

during the summer months of 2014 and 2015. Each measurement was conducted during a two-138 

hour period between 2:00 pm to 10:00 pm. (All details in Section 2.3, SI).  139 

2.1.3 QUALITY CONTROL AND POST-PROCESSING OF MEASURED DATA. We strictly 140 

followed our measurement time selection and avoided any dramatic changes on background 141 

weather and PM concentration. Driving manners were carefully controlled during all mobile 142 

measurements to diminish data noise caused by random impact factors (e.g. controlling the 143 

driving speed to be relatively stationary). Finally, 14 times of mobile measurements were 144 

successfully conducted during the summer months of 2014 and 2015 (Table S-3, SI). High 145 

humidity leads to water condensation and results in a higher reading when using light-scattering 146 

laser photometer based aerosol monitors. The following humidity correction for the TSI 147 

DUSTTRAKTM equipment in previous studies 49,50 was used to correct the measured data and 148 

eliminate the influence of high humidity in this study. 149 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 1 + 0.25 𝑅𝑅𝑅𝑅2

(1−𝑅𝑅𝑅𝑅)
                                            (1) 150 

Videos recorded during mobile measurements provide information about surrounding 151 

environment and are used for the removal of affected data. For example, data measured under the 152 

situation where the mobile measurement vehicle was behind or very close to another heavy-duty 153 

diesel vehicles were removed because they were likely to be significantly affected by the heat 154 

and polluting exhaust. Different from fixed sampling locations, mobile measurements enhance 155 

the spatial coverage but also introduce the limitation that the sampling time is very short at each 156 

location. A common driving speed of 30km/h involves only less than a minute of monitoring at a 157 

specific urban lot in the downtown area of Hong Kong for each sampling day. Therefore, 158 
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measuring behind a high-emitting vehicle possibly affects all data on that day for the specific 159 

urban lot. Data measured at any locations close to construction sites were also deleted (Section 160 

2.4.1, SI). After identifying and deleting those highly contaminated data, the noise of measured 161 

data caused by other random factors were eliminated by using the Savitzky–Golay (S-G) filter 162 

(Section 2.4.2, SI). 163 

After finishing a mobile measurement on a specific route, weather and air quality data at all the 164 

monitoring stations along the specific mobile measurement route in the same period were 165 

obtained from HKO and HKEPD official records as the background reference. According to 166 

these background reference data, temporal adjustments were conducted for each mobile 167 

measurement dataset to eliminate the impact of the temporal difference (Method of temporal 168 

adjustment used in this study is given in the Section 2.4.3, SI).  169 

2.2 DEPENDENT VARIABLES OF THE LUR MODEL. Mobile measurement data of the 170 

concentration of PM2.5 and PM10 are used to develop the dependent variables of the LUR models. 171 

Identifying the optimal spatial scale is critical when analyzing the geographically distributed data 172 

collected from mobile measurements. Following the method of a previous mobile measurement 173 

air pollution spatial modeling study 51, we employed the semivariogram modeling to test the 174 

optimal spatial resolution for the data aggregation (Section 3.1, SI). A grid aligned with the local 175 

geo-dataset grid system was generated using the optimal spatial resolution of 300m. It was used 176 

for the spatial aggregation to produce the dependent variables of PM2.5 and PM10. There are 177 

finally 222 spatially aggregated concentration estimates that were used as the dependent variable 178 

for the LUR modeling. The data variability of these PM2.5 and PM10 concentration values is 179 

shown in Figure 3. 180 
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2.3 INDEPENDENT VARIABLES OF THE LUR MODEL. Based on previous LUR studies 15, 181 

four categories of potential independent variables were identified to profile the spatial 182 

distribution of the emission intensity: (1) traffic and transport, (2) local energy supply, (3) land 183 

use, and (4) population. The dynamic potential of pollution dispersion was analyzed by using 184 

two categories of potential independent variables: (1) physical geography and (2) urban/building 185 

morphology. We analyzed 24 parameters using 13 different buffer sizes (14 buffer sizes for sky 186 

view factor) and 8 parameters using nearest distance analysis for each aggregated data point to 187 

check all potential independent variables for the LUR models for PM2.5 and PM10 (Table 1).   188 

Table 1. Summary of independent variables at different buffers included in the LUR model 189 

development. A total of 321 candidate independent variables were checked for LUR 190 

development. 191 

VARIABLES USED AS INDEPENDENT 
VARIABLES 

UNITS ANALYSIS 
METHODS 

BASIC DATA 
SOURCE 

Emission Intensity of Pollution Sources  
Traffic & Transport  

Expressways and trunk road line density km/km2 buffer Hong Kong Transport 
Department (TD) 

Primary road line density km/km2 buffer TD 
Secondary road line density km/km2 buffer TD 
Tertiary road line density km/km2 buffer TD 
Ordinary road line density km/km2 buffer TD 
Road area ratio (%) %* buffer TD 
Traffic volume of public transport vehicles Passenger Car 

Unit (PCUs) 
buffer TD 

Traffic volume of private and government 
vehicles 

PCUs buffer TD 

Count of bus stops number buffer Openstreetmap.org 
Distance to marines ports & routes km distance Openstreetmap.org 

Local Energy Supply 
Distance to local power stations km distance PlanD 

Land Use    
Residential land use area (RES) m2 buffer PlanD 
Commercial land use area (COM) m2 buffer PlanD 
Industrial land use area (IND) m2 buffer PlanD 
Government land use area (GOV) m2 buffer PlanD 
Open space land use area (OPN) m2 buffer PlanD 
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Population    
Population density person//km2 buffer Hong Kong Census 

and Statistics 
Department (C&SD) 

and PlanD 
Dynamic Potential of Pollution Dispersion 

Physical Geography 
Longitude (∆x to the coordinate origin of 
HK1980 Gird) 

m distance GPS data of the data 
point 

Latitude (∆y to the coordinate origin of 
HK1980 Gird) 

m distance GPS data of the data 
point 

Elevation above the Hong Kong Principal 
Datum ("mPD") 

m distance Hong Kong Lands 
Department (LandsD) 

Distance to waterfront km distance PlanD 
Distance to city parks km distance PlanD 
Distance to country parks km distance PlanD 
Greening coverage ratio % buffer PlanD 

Urban/Building Morphology 
Mean of building height m buffer PlanD 
Std of building height m buffer PlanD 
Mean of building ground coverage ratio % buffer PlanD 
Std of building ground coverage ratio % buffer PlanD 
Mean of building volume density % buffer PlanD 
Std of building volume density % buffer PlanD 
Sky view factor (SVF) [0-1]  buffer PlanD 
Frontal area index (FAI) Dimensionless 

quantity 
buffer PlanD 

Size of buffers used to develop LUR models (m):  
50,100,200,300,400,500,750,1000,1500,2000,3000,4000,5000 

SVF is a point based value. Therefore, except all buffer analysis, the original point SVF is also included as an 
independent variable and represented as 0 m buffer. 

 

*All data of percentage (%) are standardized to [0-1] during LUR model development. 
 192 

2.4 PARAMETERIZING URBAN/BUILDING MORPHOLOGY. One of the most important 193 

advantages of this study is to comprehensively integrate urban/building morphological factors 194 

into LUR models as the independent variables. The integration has been only adopted in a 195 

limited amount of previous studies 52,53, but in fact, very essential to high-density urban scenario. 196 

Moreover, compared with those previous LUR studies, the variations in urban development in 197 

Hong Kong cannot be fully represented by only using common street configurations due to the 198 

high variability and complexity of the building morphology. In Hong Kong’s unique urban 199 

Page 11 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 12 

environment, it is common that two building forms have the same plot ratio or height but largely 200 

different permeability of air ventilation and solar radiation 54. More complicated surface 201 

properties are necessary to depict the spatial distribution of urban morphology in Hong Kong. 202 

Therefore, 8 urban/building morphological parameters at 13 different buffers (14 for sky view 203 

factors, as shown in Table 1) are selected as the potential independent variables for the LUR 204 

model development and calculated in GIS based on the urban planning datasets (Figure 2 and 205 

Table 2). Fontal area index (FAI) is a wind-direction-dependent measure of the conditions of air 206 

ventilation in urban areas and is widely used to evaluate the horizontal permeability of the wind 207 

from a specific direction of an urban lot 55,56. In this study, the weighted average of FAI was 208 

calculated for each lot by using 16 wind directions and corresponding frequency recorded by the 209 

nearest HKO meteorological station. 210 

 211 

Figure 2. Inputs for the calculation of all urban/building morphological parameters used in this 212 

study. 213 
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Table 2. Calculation equations of 8 building morphological parameters included in the LUR 214 

model development. Information of approximately 50,000 buildings was processed in GIS to 215 

analyze the urban/building morphology of Hong Kong. 216 

Urban Morphological 
Parameters 

Unit Calculation Method  Theoretical Meaning 

Mean of building height m ℎ� =
1
𝐶𝐶
� ℎ𝑖𝑖

𝑛𝑛

𝑖𝑖=1
 (2) Vertical building 

development intensity. 

Std of building height m 𝑆𝑆𝑆𝑆ℎ = �
1
𝐶𝐶
� (ℎ𝑖𝑖 − ℎ�)2

𝑛𝑛

𝑖𝑖=1
 (3) Diversity of building height 

within a specific area. 

Building coverage ratio of 
each urban lot 
 

%a λ𝑃𝑃 = (� 𝐴𝐴𝑃𝑃𝑖𝑖
𝑛𝑛

𝑖𝑖=1
)/𝐴𝐴𝑇𝑇 (4) Building ground coverage 

intensity. 

Std of building coverage 
ratio of all lots within each 
buffer area 
 

% 𝑆𝑆𝑆𝑆λ𝑃𝑃 = �
1
𝐶𝐶
� (λ𝑃𝑃𝑖𝑖 − λ𝑃𝑃���)2

𝑛𝑛

𝑖𝑖=1
 (5) 

Diversity of building 
coverage within a specific 
area. 

Building volume density of 
each urban lot % 

Total building volume of each lot is: 

𝑉𝑉 = � 𝐴𝐴𝑃𝑃𝑖𝑖ℎ𝑖𝑖
𝑛𝑛

𝑖𝑖=1
 

Vmax is the highest V among all n 
lots whole city. The building volume 

density of lot j is:        
𝐵𝐵𝑉𝑉𝑆𝑆𝑗𝑗 = 𝑉𝑉𝑗𝑗/𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  

 
(6) 

 
 
 
 

(7) 

A measure of building 
volume within per unit area. 

Std of building volume 
density of all lots within 
each buffer area 
 

% 𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 = �
1
𝐶𝐶
� (𝐵𝐵𝑉𝑉𝑆𝑆𝑗𝑗 − 𝐵𝐵𝑉𝑉𝑆𝑆������)2

𝑛𝑛

𝑗𝑗=1
 (8) Diversity of building 

development intensity. 

Sky view factor (SVF) [0-1] 𝛹𝛹𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑆𝑆𝐵𝐵/(𝑆𝑆𝐵𝐵 + � 𝑆𝑆𝐵𝐵𝑖𝑖
𝑛𝑛

𝑖𝑖=1
) (9) 

A measure of the openness 
to the sky of a given location 
in a lot 57. 

Frontal area index (FAI, 
weighted average are 
calculated using 16 wind 
directions) 

Cb λ𝐹𝐹 = 𝐴𝐴𝐹𝐹/𝐴𝐴𝑇𝑇 (10) 

A wind direction – 
dependent measure of the 
urban ventilation condition 
of a lot 56. 

a: All data of percentage (%) are standardized to [0-1] during LUR model development. 
b: Calculated FAI is a dimensionless quantity. 
 217 

2.5 LUR MODELING AND CROSS VALIDATION. First, A Distance-Decay REgression 218 

Selection Strategy (ADDRESS) 58 was adopted to select around 30 candidate independent 219 

variables (one or two critical buffers were identified for each variable) as the input of further 220 

stepwise regression modeling among all 321 potential independent variables (Section 3.2.1, SI). 221 

Then, stepwise multiple linear regression was conducted to establish LUR regression models of 222 
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PM2.5 and PM10 as determined by minimum Akaike information criterion (AIC) 59,60. The 223 

significance level (prob > |t|) and variance inflation factor (VIF) of each independent variables 224 

were checked to confirm the variables significance level and ensure that there is no collinearity 225 

issues in resultant regression models (Section 3.2.3, SI). The adjusted R2 values of each model 226 

were examined to evaluate the model performance. Both the root-mean-square error (RMSE) 227 

from leave-one-out cross validation (LOOCV) and the adjusted R2 of 10-fold cross validation 228 

were used to validate the LUR models (shown in Table 3, details in Section 3.2.4, SI). The final 229 

models also show reasonably good performance (0.582 and 0.611 for PM2.5 and PM10 230 

respectively) in an external validation using a separately sampled mobile measurement dataset 231 

(Section 3.2.5, SI). 232 

3. RESULTS 233 

3.1 THE FINAL LUR MODELS OF PM2.5 AND PM10. Using spatially aggregated PM2.5 and 234 

PM10 as the dependent variables, final LUR models were established. The adjusted R2 values of 235 

final LUR models for the 300m-spatially aggregated concentration of both PM2.5 and PM10 are 236 

0.633 and 0.707 respectively (300m-aggregated dependent variables provide the best model 237 

performance, which is consistent with the semivariogram modeling results in Section 2.2. Other 238 

models using different dependent variables aggregation resolution are shown in Table S-12, SI 239 

for comparison). As indicated by the final models of PM2.5 and PM10 (Table 3 and Figure S-20, 240 

SI), the most essential determinants of the concentration of street-level particulate air pollution in 241 

the downtown area of Hong Kong are building morphology and urban road traffic. These results 242 

indicate that, beside the commonly applied LUR independent variables such as land use and 243 

traffic, building morphology is also one of the determinants of the street-level particulate air 244 

pollution concentration in the Hong Kong’s high-density urban environment. To quantify the 245 

Page 14 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 15 

model performance improvement introduced by adding urban morphology as independent 246 

variables, models completely excluding urban morphology were also established for comparison, 247 

which showed an adjusted R2 increase of 0.111 and 0.150 on the model performance of PM2.5 248 

and PM10 respectively when building morphological variables were used in modeling (Section 249 

3.3, SI). The concentration of street-level air pollutants is largely determined by both emission 250 

and dispersion of pollutants. Road traffic measured as the road line density and traffic volume 251 

represents the distribution of pollution sources and emission intensity. Building morphology 252 

quantified by FAI directly affects air ventilation in urban areas and the dispersion capacity of air 253 

pollution, especially in extremely compact urban environment. It should be noted that, as a 254 

measure of evaluating urban air ventilation, FAI represents the horizontal permeability of an 255 

urban area to prevailing wind. It implies that enhancing urban ventilation by optimizing the 256 

building morphology is more important to high-density cities like Hong Kong than other low-257 

density or mid-density cities when dealing with street-level air pollution. 258 

Table 3. Summary of the final resultant LUR regression models of PM2.5 and PM10. 259 

SUMMARY OF FIT OF PM2.5 LUR MODEL 
Dependent Variable Spatially averaged PM2.5 data using spatial resolution of 300m 
R2 0.646 
Adjusted R2 0.633 
RMSE 6.516 
Mean of Response 51.759 
P-value <.0001* 
10-fold Cross Validation R2 0.613 
PARAMETER ESTIMATES 
Independent Variable Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 27.363 2.458 11.13 <.0001* n/a 
Primary road line density 
(300m) 

1.092 0.252 4.33 <.0001* 1.434 

Ordinary road line density 
(400m) 

0.555 0.269 2.06 0.0416* 1.765 

Traffic volume of public 5.016e-4 2.277e-4 2.20 0.0298* 1.492 
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transport vehicles (500m) 
Frontal area index (400m) 15.191 2.750 5.52 <.0001* 1.593 
      
SUMMARY OF FIT OF PM10 LUR MODEL 
Dependent Variable Spatially averaged PM10 data using spatial resolution of 300m 
R2 0.718 
Adjusted R2 0.707 
RMSE 6.948 
Mean of Response 59.085 
P-value <.0001* 
10-fold Cross Validation R2 0.692 
PARAMETER ESTIMATES 
Independent Variable Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 43.523 2.896 15.03 <.0001* n/a 
Primary road line density 
(300m) 

0.816 0.268 3.05 0.0029* 1.421 

Traffic volume of private and 
government vehicles (200m) 2.366e-5 8.051e-6 2.94 0.0040* 1.115 

Government land use area 
(1000m) 

-1.760e-5 4.525e-6 -3.89 0.0002* 1.170 

Frontal area index (400m) 26.104 2.692 9.70 <.0001* 1.343 
 260 

 261 

Figure 3. Boxplots of dependent variables and independent variables. 262 
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3.2 LUR GEO-MAPPING AND MODEL VALIDATION. The geo-mapping of the spatial 263 

distribution of PM2.5 and PM10 was developed based on the resultant LUR models, using a spatial 264 

resolution of 300m (Figure 4, Figure S-21 and Figure S-22, SI). It was further validated using the 265 

results of mobile measurements obtained from Tuen Mun area where medium-density, 266 

occasionally high-rise, residential development dominates. Although the area used for validation 267 

has a slightly lower building density compared with the main study area, the LUR models 268 

performed reasonably well for the concentration of both PM2.5 and PM10 with adjusted R2-values 269 

of 0.582 and 0.611 respectively (Section 3.2.5, SI). It indicates that the resultant LUR models 270 

provide an accurate estimation of the spatial variation of air particulates under different urban 271 

settings in Hong Kong.  272 

In Hong Kong, there are three commonly recognized hotspots of street-level air pollution, 273 

including Mong Kok, Central and Causeway Bay where the three roadside monitoring stations of 274 

AQMN operated by HKEPD are located. The concentrations of PM2.5 and PM10 at these three 275 

stations are over 55 µg/m3 and 70 µg/m3 respectively. Three other hotspots of air pollution, Sham 276 

Shui Po, Hung Hom and Kwun Tong, were also clearly identified in the LUR map, which is 277 

consistent with the site selection of two previous local air pollution studies 61,62. These hotspots 278 

are generally characterized by the densely-built building clusters and they are important nodes of 279 

local transportation network. The consistency of the LUR mapping with AQMN and previous 280 

studies proves that it is reliable as a tool to examine the spatial variation of air particulates and 281 

assess human exposure at finer spatial scales in epidemiological studies. Besides all known sites, 282 

the LUR models developed in the present study also identified a newly-found air pollution 283 

hotspot (North Point in Hong Kong Island) which previously did not draw much attention and 284 

was not monitored by HKEPD. 285 
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 286 

Figure 4. The spatial variation mapping of the concentration level of PM10 based on the LUR 287 

models developed in this study. Locations of all known and newly-found air pollution hotspots 288 

are marked on this map. 289 

4. DISCUSSION 290 

4.1 LUR APPLICATION IN A SUB-TROPICAL HIGH DENSITY CITY. The present study is 291 

the first attempt to develop LUR models in a sub-tropical city with extremely compact urban 292 

environment. A couple of studies have been conducted to map the spatial variation of PM2.5 and 293 

PM10 in Hong Kong using remote sensing techniques 63,64. However, the spatial resolution of 294 

those studies is limited by satellite images. This study provides a higher-resolution mapping of 295 

spatial variability of air pollutants based on LUR models. It can also be used as a reference for 296 
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future studies on local health impact. 16. Identifying newly-found street-level air pollution 297 

hotspots by LUR mapping is essential for the improvement of Hong Kong’s air quality 298 

monitoring network, especially in the selection of roadside monitoring locations. 299 

4.2 USING MOBILE MEASUREMENTS TO DEVELOP LUR MODELS - PROS AND CONS. 300 

Mobile measurements have been gaining popularity in air pollution research 35,40,42,43. There is 301 

also great potential in the studies of developing LUR models and mapping the air pollution 302 

spatial variation in urban area 33,34. This study shows that measured data from properly designed 303 

mobile measurements are competent at providing data for LUR model development which is a 304 

more cost-effective way to cover larger study areas. By monitoring the spatial variability of air 305 

pollution using a moving platform, this study shows the feasibility of conducting LUR studies by 306 

taking advantage of the well-developed public transport network of Hong Kong. However, the 307 

downside is that much more work on the air pollution sampling has to be done and data 308 

aggregation has to be carefully handled to reduce uncertainty introduced by temporal variation, 309 

short-term events and other impact factors during mobile measurement, as the measurement time 310 

is very short at each location. The variations of background concentration and weather condition 311 

should be carefully addressed as well. All of the above concerns mean that qualified local 312 

meteorological and air quality monitoring networks with real-time data are prerequisites of 313 

conducting mobile-measurement-based LUR study. During measurement campaigns, air 314 

pollutants are sampled by a moving vehicle. The measurements are therefore representative of air 315 

pollution concentrations on the road. It has been emphasized that (Section 1, SI) mobile 316 

measurement data can be used to represent outdoor human air pollution exposure in this study 317 

because of the unique urban context of Hong Kong. The context indeed has to be well 318 

deliberated before extensively applying the mobile measurement method in other cities and 319 

Page 19 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 20 

regions. Both the experimental design of the mobile measurement and data processing method 320 

may need to be adjusted according to  specific contexts and scenarios of different study areas. 321 

4.3 DEVELOPING LUR MODELS WITH URBAN/BUILDING MORPHOLOGY. Compared 322 

to previous LUR models, the correlation analysis between air pollution and urban/building 323 

morphology was improved by parameterizing the urban planning dataset. Mapping air pollution 324 

in urban areas is an important part of urban planning and policy decision-making, especially for 325 

densely built environment because buildings can significantly change the prevailing climatic 326 

conditions in urban areas by disturbing the airflows passing through urban fragments and 327 

modifying the radiation balance in urban areas. As a consequence, it alters the dispersion of air 328 

pollutants within street canyons 65,66. Similar to previous LUR models of other cities 17, urban 329 

traffic is one of the most decisive factors of air pollutants concentration in Hong Kong. On top of 330 

that, this study also finds the street-level concentration of PM2.5 and PM10 was also significantly 331 

determined by urban/building morphology in a high-density built environment due to the poorer 332 

air ventilation 67,68. 333 

4.4 LUR AIR POLLUTION MODELING FOR BETTER URBAN PLANNING. Urban air 334 

quality and urban planning are closely connected 69,70. From the view of urban planning, compact 335 

urban morphology is more financially viable because it maximizes the use of land resources, 336 

reduces transportation cost and allows more efficient use of public facilities 71. However, 337 

compact urban development without proper guidance and management leads to environmental 338 

issues and health risks associated with poor air quality. LUR models developed in this study 339 

indicate that the air quality in high-density urban development of Hong Kong is able to be 340 

improved as long as its urban planning follows the scientific rules to keep urban areas permeable 341 
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to air ventilation by controlling building geometry and also to prevent intensive vehicular 342 

emission hotspot by refining road network planning and traffic controlling. 343 

 344 

ASSOCIATED CONTENT 345 

Supporting Information. Supporting information (SI) contains further methodological and 346 

technical details about the mobile measurement campaign, data post-processing/analysis and the 347 

model developing procedure as noted in the main text. The supporting information also contains 348 

all alternative LUR models using different spatial aggregation resolutions. The Supporting 349 

Information is available free of charge on the ACS Publications website via the Internet at 350 

http://pubs.acs.org. 351 

AUTHOR INFORMATION 352 

Corresponding Author 353 

*Y. Shi. 354 

Address: Room 505, AIT Building, School of Architecture, The Chinese University of Hong 355 

Kong, Shatin, NT, Hong Kong SAR, China 356 

Phone: +852 3943 6518 (Mobile: +852 5496 4352)                  Fax Numbers: +852 3942 0982 357 

Email Address: shiyuan@link.cuhk.edu.hk (Secondary email: shiyuan.arch.cuhk@gmail.com) 358 

Author Contributions 359 

The manuscript was written through contributions of all authors. All authors have given approval 360 

to the final version of the manuscript. The authors declare no competing financial interest. 361 

 362 

Page 21 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 22 

ACKNOWLEDGMENT 363 

This research is supported by the Postgraduate Studentship (PGS) 1155005856/PHD/ARK from 364 

The Chinese University of Hong Kong. The authors wish to thank Professor Steve Yim, 365 

Professor Derrick Lai and Professor Chao Ren, Mr. Max Lee, Mr. Fung Wai Lui and Ms. Ying 366 

Sheng Zheng of the Chinese University of Hong Kong for their support in the mobile 367 

measurement. The authors also would like to thanks Professor Alexis Lau of the Hong Kong 368 

University of Science and Technology for his advice and guidance on this study, and Ms Ada 369 

Lee for her help on language. The authors appreciate reviewers for their insightful comments and 370 

constructive suggestions on our research work. The authors also want to thank editors for their 371 

patient and meticulous work for our manuscript. 372 

 373 

REFERENCES 374 
(1)  Pope, C. A.; Dockery, D. W.; Schwartz, J. Review of epidemiological evidence of health 375 
effects of particulate air pollution. Inhal. Toxicol. 1995, 7, 1–18.  376 
(2)  Ng, E. Policies and technical guidelines for urban planning of high-density cities – air 377 
ventilation assessment (AVA) of Hong Kong. Build. Environ. 2009, 44, 1478–1488.  378 
(3)  Wong, T. W.; Lau, T. S.; Yu, T. S.; Neller, A.; Wong, S. L.; Tam, W.; Pang, S. W. Air 379 
pollution and hospital admissions for respiratory and cardiovascular diseases in Hong Kong. 380 
Occup. Environ. Med. 1999, 56, 679–683.  381 
(4)  Wong, T. W.; Tam, W. S.; Yu, T. S.; Wong, A. H. S. Associations between daily 382 
mortalities from respiratory and cardiovascular diseases and air pollution in Hong Kong, China. 383 
Occup. Environ. Med. 2002, 59, 30–35.  384 
(5)  Chau, C. K.; Tu, E. Y.; Chan, D. W. T.; Burnett, J. Estimating the total exposure to air 385 
pollutants for different population age groups in Hong Kong. Environ. Int. 2002, 27, 617–630.  386 
(6)  Wong, G. W. K.; Ko, F. W. S.; Lau, T. S.; Li, S. T.; Hui, D.; Pang, S. W.; Leung, R.; 387 
Fok, T. F.; Lai, C. K. W. Temporal relationship between air pollution and hospital admissions for 388 
asthmatic children in Hong Kong. Clin. & Exp. Allergy 2001, 31, 565–569.  389 
(7)  Ko, F. W. S.; Tam, W.; Wong, T. W.; Lai, C. K. W.; Wong, G. W. K.; Leung, T. ‐. F.; 390 
Ng, S. S. S.; Hui, D. S. C. Effects of air pollution on asthma hospitalization rates in different age 391 
groups in Hong Kong. Clin. & Exp. Allergy 2007, 37, 1312–1319.  392 
(8)  Lee, S. L.; Wong, W. H. S.; Lau, Y. L. Association between air pollution and asthma 393 
admission among children in Hong Kong. Clin. & Exp. Allergy 2006, 36, 1138–1146.  394 
(9)  Lu, W.-Z.; Wang, X.-K. Investigation of respirable suspended particulate trend and 395 
relevant environmental factors in Hong Kong downtown areas. Chemosphere 2008, 71, 561–567.  396 

Page 22 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 23 

(10)  Qin, Y.; Chan, C. K.; Chan, L. Y. Characteristics of chemical compositions of 397 
atmospheric aerosols in Hong Kong: spatial and seasonal distributions. Sci. Total. Environ. 1997, 398 
206, 25–37.  399 
(11)  Cheng, Y.; Ho, K. F.; Lee, S. C.; Law, S. W. Seasonal and diurnal variations of PM1. 0, 400 
PM2. 5 and PM10 in the roadside environment of Hong Kong. China Particuol. 2006, 4, 312–401 
315.  402 
(12)  So, K. L.; Guo, H.; Li, Y. S. Long-term variation of PM 2.5 levels and composition at 403 
rural, urban, and roadside sites in Hong Kong: increasing impact of regional air pollution. Atmos. 404 
Environ. 2007, 41, 9427–9434.  405 
(13)  Chan, L. Y.; Kwok, W. S. Roadside suspended particulates at heavily trafficked urban 406 
sites of Hong Kong – Seasonal variation and dependence on meteorological conditions. Atmos. 407 
Environ. 2001, 35, 3177–3182.  408 
(14)  Lee, S. C.; Cheng, Y.; Ho, K. F.; Cao, J. J.; Louie, P. K.-K.; Chow, J. C.; Watson, J. G. 409 
PM1. 0 and PM2. 5 characteristics in the roadside environment of Hong Kong. Aerosol Sci. 410 
Technol. 2006, 40, 157–165.  411 
(15)  Hoek, G.; Beelen, R.; de Hoogh, K.; Vienneau, D.; Gulliver, J.; Fischer, P.; Briggs, D. A 412 
review of land-use regression models to assess spatial variation of outdoor air pollution. Atmos. 413 
Environ. 2008, 42, 7561–7578.  414 
(16)  Briggs, D. J.; Collins, S.; Elliott, P.; Fischer, P.; Kingham, S.; Lebret, E.; Pryl, K.; van 415 
Reeuwijk, H.; Smallbone, K.; Van Der Veen, A. Mapping urban air pollution using GIS: a 416 
regression-based approach. Int. J. Geogr. Inf. Sci. 1997, 11, 699–718.  417 
(17)  Briggs, D. J.; de Hoogh, C.; Gulliver, J.; Wills, J.; Elliott, P.; Kingham, S.; Smallbone, K. 418 
A regression-based method for mapping traffic-related air pollution: application and testing in 419 
four contrasting urban environments. Sci. Total. Environ. 2000, 253, 151–167.  420 
(18)  Gulliver, J.; Briggs, D. J. Time–space modeling of journey-time exposure to traffic-421 
related air pollution using GIS. Environ. Res. 2005, 97, 10–25.  422 
(19)  Vienneau, D.; De Hoogh, K.; Briggs, D. A GIS-based method for modelling air pollution 423 
exposures across Europe. Sci. Total. Environ. 2009, 408, 255–266.  424 
(20)  De Hoogh, K.; Wang, M.; Adam, M.; Badaloni, C.; Beelen, R.; Birk, M.; Cesaroni, G.; 425 
Cirach, M.; Declercq, C.; Dedele, A. Development of land use regression models for particle 426 
composition in twenty study areas in Europe. Environ. Sci. & Technol. 2013, 47, 5778–5786.  427 
(21)  Beelen, R.; Hoek, G.; Vienneau, D.; Eeftens, M.; Dimakopoulou, K.; Pedeli, X.; Tsai, 428 
M.-Y.; Künzli, N.; Schikowski, T.; Marcon, A. Development of NO 2 and NO x land use 429 
regression models for estimating air pollution exposure in 36 study areas in Europe–the ESCAPE 430 
project. Atmos. Environ. 2013, 72, 10–23.  431 
(22)  Gulliver, J.; de Hoogh, K.; Hansell, A.; Vienneau, D. Development and back-432 
extrapolation of NO2 land use regression models for historic exposure assessment in Great 433 
Britain. Environ. Sci. & Technol. 2013, 47, 7804–7811.  434 
(23)  Rivera, M.; Basagaña, X.; Aguilera, I.; Agis, D.; Bouso, L.; Foraster, M.; Medina-435 
Ramón, M.; Pey, J.; Künzli, N.; Hoek, G. Spatial distribution of ultrafine particles in urban 436 
settings: A land use regression model. Atmos. Environ. 2012, 54, 657–666.  437 
(24)  Gilbert, N. L.; Goldberg, M. S.; Beckerman, B.; Brook, J. R.; Jerrett, M. Assessing 438 
spatial variability of ambient nitrogen dioxide in Montreal, Canada, with a land-use regression 439 
model. J. Air & Waste Manag. Assoc. 2005, 55, 1059–1063.  440 
(25)  Hystad, P.; Setton, E.; Cervantes-Larios, A.; Deschenes, S.; Martin, R.; Van Donkelaar, 441 
A.; Atari, O.; Demers, P. A. Canada Wide Land-use Regression Models Created From Fixed Site 442 

Page 23 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 24 

Monitors and Validated With Independent City-specific Measurements. Epidemiol. 2011, 22, 443 
S214–S215.  444 
(26)  Ross, Z.; English, P. B.; Scalf, R.; Gunier, R.; Smorodinsky, S.; Wall, S.; Jerrett, M. 445 
Nitrogen dioxide prediction in Southern California using land use regression modeling: potential 446 
for environmental health analyses. J. Expo. Sci. Environ. Epidemiol. 2006, 16, 106–114.  447 
(27)  Novotny, E. V.; Bechle, M. J.; Millet, D. B.; Marshall, J. D. National satellite-based land-448 
use regression: NO2 in the United States. Environ. Sci. & Technol. 2011, 45, 4407–4414.  449 
(28)  Hystad, P.; Setton, E.; Cervantes, A.; Poplawski, K.; Deschenes, S.; Brauer, M.; van 450 
Donkelaar, A.; Lamsal, L.; Martin, R.; Jerrett, M. Creating national air pollution models for 451 
population exposure assessment in Canada. Environ. Health Perspect. 2011, 119, 1123-1129. 452 
(29)  Knibbs, L. D.; Hewson, M. G.; Bechle, M. J.; Marshall, J. D.; Barnett, A. G. A national 453 
satellite-based land-use regression model for air pollution exposure assessment in Australia. 454 
Environ. Res. 2014, 135, 204–211.  455 
(30)  Saraswat, A.; Apte, J. S.; Kandlikar, M.; Brauer, M.; Henderson, S. B.; Marshall, J. D. 456 
Spatiotemporal land use regression models of fine, ultrafine, and black carbon particulate matter 457 
in New Delhi, India. Environ. Sci. & Technol. 2013, 47, 12903–12911.  458 
(31)  Kashima, S.; Yorifuji, T.; Tsuda, T.; Doi, H. Application of land use regression to 459 
regulatory air quality data in Japan. Sci. Total. Environ. 2009, 407, 3055–3062.  460 
(32)  Ryan, P. H.; LeMasters, G. K. A review of land-use regression models for characterizing 461 
intraurban air pollution exposure. Inhal. Toxicol. 2007, 19, 127–133.  462 
(33)  Hankey, S.; Marshall, J. D. Land Use Regression Models of On-road Particulate Air 463 
Pollution (Particle Number, Black Carbon, PM2. 5, Particle Size) Using Mobile Monitoring. 464 
Environ. Sci. & Technol. 2015, 49 (15), 9194-9202.  465 
(34)  Larson, T.; Henderson, S. B.; Brauer, M. Mobile monitoring of particle light absorption 466 
coefficient in an urban area as a basis for land use regression. Environ. Sci. & Technol. 2009, 43, 467 
4672–4678.  468 
(35)  Bukowiecki, N.; Dommen, J.; Prevot, A. S. H.; Richter, R.; Weingartner, E.; 469 
Baltensperger, U. A mobile pollutant measurement laboratory—measuring gas phase and aerosol 470 
ambient concentrations with high spatial and temporal resolution. Atmos. Environ. 2002, 36, 471 
5569–5579.  472 
(36)  Kolb, C. E.; Herndon, S. C.; McManus, J. B.; Shorter, J. H.; Zahniser, M. S.; Nelson, D. 473 
D.; Jayne, J. T.; Canagaratna, M. R.; Worsnop, D. R. Mobile laboratory with rapid response 474 
instruments for real-time measurements of urban and regional trace gas and particulate 475 
distributions and emission source characteristics. Environ. Sci. & Technol. 2004, 38, 5694–5703.  476 
(37)  Weijers, E. P.; Khlystov, A. Y.; Kos, G. P. A.; Erisman, J. W. Variability of particulate 477 
matter concentrations along roads and motorways determined by a moving measurement unit. 478 
Atmos. Environ. 2004, 38, 2993–3002.  479 
(38)  Westerdahl, D.; Fruin, S.; Sax, T.; Fine, P. M.; Sioutas, C. Mobile platform 480 
measurements of ultrafine particles and associated pollutant concentrations on freeways and 481 
residential streets in Los Angeles. Atmos. Environ. 2005, 39, 3597–3610.  482 
(39)  Isakov, V.; Touma, J. S.; Khlystov, A. A method of assessing air toxics concentrations in 483 
urban areas using mobile platform measurements. J. Air & Waste Manag. Assoc. 2007, 57, 484 
1286–1295.  485 
(40)  Zhu, Y.; Fung, D. C.; Kennedy, N.; Hinds, W. C.; Eiguren-Fernandez, A. Measurements 486 
of ultrafine particles and other vehicular pollutants inside a mobile exposure system on Los 487 
Angeles freeways. J. Air & Waste Manag. Assoc. 2008, 58, 424–434.  488 

Page 24 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 25 

(41)  Wang, M.; Zhu, T.; Zheng, J.; Zhang, R. Y.; Zhang, S. Q.; Xie, X. X.; Han, Y. Q.; Li, Y. 489 
Use of a mobile laboratory to evaluate changes in on-road air pollutants during the Beijing 2008 490 
Summer Olympics. Atmos. Chem. Phys. 2009, 9, 8247–8263.  491 
(42)  Hagler, G. S.; Thoma, E. D.; Baldauf, R. W. High-resolution mobile monitoring of 492 
carbon monoxide and ultrafine particle concentrations in a near-road environment. J. Air & 493 
Waste Manag. Assoc. 2010, 60, 328–336.  494 
(43)  Hu, S.; Paulson, S. E.; Fruin, S.; Kozawa, K.; Mara, S.; Winer, A. M. Observation of 495 
elevated air pollutant concentrations in a residential neighborhood of Los Angeles California 496 
using a mobile platform. Atmos. Environ. 2012, 51, 311–319.  497 
(44)  Aggarwal, S.; Jain, R.; Marshall, J. D. Real-time prediction of size-resolved ultrafine 498 
particulate matter on freeways. Environ. Sci. & Technol. 2012, 46, 2234–2241.  499 
(45)  Zwack, L. M.; Paciorek, C. J.; Spengler, J. D.; Levy, J. I. Modeling Spatial Patterns of 500 
Traffic-Related Air Pollutants in Complex Urban Terrain. Environ. Health Perspect. 2011, 119, 501 
852–859.  502 
(46)  Li, L.; Wu, J.; Hudda, N.; Sioutas, C.; Fruin, S. A.; Delfino, R. J. Modeling the 503 
concentrations of on-road air pollutants in southern California. Environ. Sci. & Technol. 2013, 504 
47, 9291–9299.  505 
(47)  Yuan, Z.; Lau, A. K. H.; Zhang, H.; Yu, J. Z.; Louie, P. K.; Fung, J. C. Identification and 506 
spatiotemporal variations of dominant PM 10 sources over Hong Kong. Atmos. Environ. 2006, 507 
40, 1803–1815.  508 
(48)  Exchange, C. Relative Significance of Local vs. Regional Sources: Hong Kong’s Air 509 
Pollution. Accessed April. 2007, 12.  510 
(49)  Laulainen, N. S. Summary of conclusions and recommendations from a visibility science 511 
workshop; Pacific Northwest Lab., Richland, WA (United States), 1993.  512 
(50)  Ramachandran, G.; Adgate, J. L.; Pratt, G. C.; Sexton, K. Characterizing indoor and 513 
outdoor 15 minute average PM 2.5 concentrations in urban neighborhoods. Aerosol Sci. & 514 
Technol. 2003, 37, 33–45.  515 
(51)  Lightowlers, C.; Nelson, T.; Setton, E.; Keller, C. P. Determining the spatial scale for 516 
analysing mobile measurements of air pollution. Atmospheric Environ. 2008, 42, 5933–5937.  517 
(52)  Eeftens, M.; Beekhuizen, J.; Beelen, R.; Wang, M.; Vermeulen, R.; Brunekreef, B.; Huss, 518 
A.; Hoek, G. Quantifying urban street configuration for improvements in air pollution models. 519 
Atmos. Environ. 2013, 72, 1–9.  520 
(53)  Tang, R.; Blangiardo, M.; Gulliver, J. Using building heights and street configuration to 521 
enhance intraurban PM10, NOx, and NO2 Land use regression models. Environ. Sci. & Technol. 522 
2013, 47, 11643–11650.  523 
(54)  Ng, E. Designing high-density cities: for social and environmental sustainability; 524 
Routledge, 2009.  525 
(55)  Raupach, M. _. R. Drag and drag partition on rough surfaces. Boundary-Layer Meteorol. 526 
1992, 60, 375–395.  527 
(56)  Gál, T.; Unger, J. Detection of ventilation paths using high-resolution roughness 528 
parameter mapping in a large urban area. Build. Environ. 2009, 44, 198–206.  529 
(57)  Watson, I. D.; Johnson, G. T. Graphical estimation of sky view‐factors in urban 530 
environments. J. Climatol. 1987, 7, 193–197.  531 
(58)  Su, J. G.; Jerrett, M.; Beckerman, B. A distance-decay variable selection strategy for land 532 
use regression modeling of ambient air pollution exposures. Sci. Total. Environ. 2009, 407, 533 
3890–3898.  534 

Page 25 of 26

ACS Paragon Plus Environment

Environmental Science & Technology



 26 

(59)  Sall, J.; Lehman, A.; Stephens, M. L.; Creighton, L. JMP start statistics: a guide to 535 
statistics and data analysis using JMP; SAS Institute, 2012.  536 
(60)  Freund, R. J.; Littell, R. C.; Creighton, L. Regression using JMP; J. Wiley, 2003.  537 
(61)  Ho, K. F.; Cao, J. J.; Lee, S. C.; Chan, C. K. Source apportionment of PM 2.5 in urban 538 
area of Hong Kong. J. Hazard. Mater. 2006, 138, 73–85.  539 
(62)  Chu, A. K. M.; Kwok, R. C.-W.; Yu, K. N. Study of pollution dispersion in urban areas 540 
using Computational Fluid Dynamics (CFD) and Geographic Information System (GIS). 541 
Environ. Model. & Softw. 2005, 20, 273–277.  542 
(63)  Shi, W.; Wong, M. S.; Wang, J.; Zhao, Y. Analysis of airborne particulate matter (PM2. 543 
5) over Hong Kong using remote sensing and GIS. Sensors 2012, 12, 6825–6836.  544 
(64)  Li, C.; Lau, A. K.-H.; Mao, J.; Chu, D. A. Retrieval, validation, and application of the 1-545 
km aerosol optical depth from MODIS measurements over Hong Kong. Geosci. Remote. 546 
Sensing, IEEE Trans. 2005, 43, 2650–2658.  547 
(65)  Oke, T. R. Street design and urban canopy layer climate. Energy Build. 1988, 11, 103–548 
113.  549 
(66)  Vardoulakis, S.; Fisher, B. E.; Pericleous, K.; Gonzalez-Flesca, N. Modelling air quality 550 
in street canyons: a review. Atmos. Environ. 2003, 37, 155–182.  551 
(67)  Landsberg, H. E. The urban climate; Academic press, 1981; Vol. 28.  552 
(68)  Oke, T. R. Boundary layer climates; Routledge, 2002.  553 
(69)  Marquez, L. O.; Smith, N. C. A framework for linking urban form and air quality. 554 
Environ. Model. & Softw. 1999, 14, 541–548.  555 
(70)  Eliasson, I. The use of climate knowledge in urban planning. Landsc. Urban Plan. 2000, 556 
48, 31–44.  557 
(71)  Betanzo, M. Pros and cons of high density urban environments. Build. April 2007, pp. 558 
39–40.  559 
 560 

 561 

Page 26 of 26

ACS Paragon Plus Environment

Environmental Science & Technology




